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ABSTRACT
This document provides steady-state, total-dose radiation test data, in
graphic format, for use by electronic designers and other personnel using
semiconductor devices in a radiation environment. The data were generated by
JPL for various NASA space programs. The document is in two volumes: Volume I
provides data on diodes, bipolar transistors, field effect transistors, and
miscellaneous semiconductor types, and Volume II provides total-dose radiation
test data on integrated circuits.
Volume I of this 1985 Supplement contains new total-dose radiation test
data generated since the August 1, 1981 release date of the original Volume I,
JPL Publication 81-66.
Volume II of the 1985 Supplement will be published at a later date.
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SECTION I
INTRODUCTION
The data presented in this report describe the results of Total Ionizing
Dose (TID) tests of semiconductor devices (Volume I) and integrated circuits
(Volume II). The data were obtained by the Jet Propulsion Laboratory (JPL),
under contract to NASA, in order to assure the "hardness" (radiation resis-
tance) of components to be used in a variety of radiation environments.
However, the data are applicable to any ionizing radiation environment. Two
primary radiation sources were used: a Cobalt-60 gamma ray source and a 2.5
MeV electron Dynamitron. Irradiations of complex ICs were subcontracted to
the Boeing Radiation Effects Lab (BREL), Seattle, Washington, where the
necessary computerized test equipment was available, but the work was subject
to JPL specifications and procedures. The data-presented here (Volume I of
the 1985 Supplement) are primarily in a graphic format for various device
operating conditions as a function of dose. Some measure of the statistical
variations of each device lot is provided by the tabulated standard deviations
and a statement of sample size. Irradiations of different lots of a given
device type are treated as separate tests.
In Volume II, the information on some integrated circuits is presented in
tabular format. For more complex large-scale integration (LSI) devices, the
data are given in a narrative form, which gives proper emphasis to the
radiation-induced changes in measured parameters. Volume II of the 1985
Supplement will be published at a later date.
All data taken here substantially meet the specifications of MIL-STD-883,
Method 1019.1 for environments where short-term annealing is not a relevant
problem. Three or more radiation levels at room temperature were performed,
with electrical parameter measurements typically taken within 20 minutes of
the completion of an irradiation, and a worst-case bias for JPL's systems
applications sustained during irradiation.
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An additional publication is scheduled for release in late 1986. This
publication will present design guidelines regarding Single Event Upset (SEU)
phenomena in high-energy-particle radiation environments. The original Volume
III published in 1981 will not be updated.
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SECTION II
DOCUMENT USES AND LIMITATIONS
The purpose of this report is to provide test data for semiconductor
devices exposed to a steady-state TID irradiation. As such, it offers a use-
ful radiation response comparison of different devices that might be considered
in the development (circuit design) of a radiation-hardened system. It also
offers a quick method for assisting an engineer to determine the weak links in
an existing system, and the maximum radiation tolerance of the system as a
whole.
The data presented here cannot, in any way, be used as a substitute for a
comprehensive testing program of the devices actually used in a given system,
but is intended as a useful guideline for device selection. It will be clear
on inspecting the data that there are large lot-to-lot, or wafer-to-wafer,
variations in the sample response of a given device type. The difference in
response from functionally identical devices fabricated by different manufac-
turers is, of course, much greater. There was no attempt to remove maverick
(outlier) devices from the data plots; thus, some data plots may appear anom-
alous when compared to other plots for the same device type. Finally, there
is always the likelihood that given manufacturers will make minor adjustments
in their processing procedures that will result in major differences in device
radiation response.
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SECTION III
GENERIC DEVICE TYPE INFORMATION
Some generalized comments appropriate to each generic device type are
provided in the following subsections, and a description of vendor identifica-
tion codes is provided in Appendix A. The mean of the electrical parameters
measured for each generic device type is given on the ordinate of the graphs,
and a detailed description of these parameters is provided in Appendix B.
A. DIODES
Radiation tests of diodes have been very limited for space programs
because of the inherent radiation hardness at the total dose level of 300
krad(Si) (Galileo Project specification). However, testing may be required
for special high-precision applications or for higher total-dose environments
where large (orders of magnitude) increases in the leakage current can be
expected.
B. BIPOLAR TRANSISTORS
For convenience, the degradation in transistor gain (h ) is plotted as
re,
A(l/h_,,) = l/h__, - l/h,,-, , where h.,.,, is the value at the specified radiation
rh rE$ rho r h<J>
level, and h^ is the initial value. Implicit in this approach is the
assumption that the radiation behavior can be approximated by the well-known
formula:
A(l/hF£) = K*
where 4* is the dose (or fluence) and K is a damage constant that depends on
the device and collector current, I .
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C. FIELD EFFECT TRANSISTORS (FETs)
Junction-gate field effect transistors (JFETs) have a considerably higher
tolerance to radiation-induced bulk damage than bipolar transistors because
they are majority-carrier devices. Therefore, most tests were conducted using
electron irradiations. Key parameters plotted as a function of dose include
IGGS* S^S' VGS' transconductance» noise voltage, and IQ (off).
(See Appendix B.)
D. OPTICAL DEVICES
The optical device type is an infrared-emitting diode (IR-LED). The
emission efficiency of GaAs LEDs is greatly reduced by irradiation.
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SECTION IV
RADIATION SOURCES AND DOSIMETRY
A. DYNAMITRON
The Dynamitron accelerators at JPL and BREL provide a 2.5-MeV beam with a
8 1 0 2
beam-current range of 10 to 10 electrons/cm /sec. All tests described
here were irradiated with exposure times between 5 and 45 minutes.
The test geometry for the two Dynamitrons is essentially the same in that
the electron beam reaches the devices after passing through a 0.05-mm titanium
window, copper and aluminum scattering foils, and 0.9 m of air. Each of these
materials scatters the electrons slightly so the beam has a reasonable
uniformity (<20%) over the device array under test. The device array is
confined within a 25-cm-diameter circle perpendicular to the beam direction,
and at the center of this circle is the aperture of a vacuum Faraday cup,
which is used to control the electron-beam flux and fluence. The beam is
centered on the Faraday cup with a quadrupole magnet prior to the installation
of the test samples, and the Faraday cup output current fed into a current
integrator, which is calibrated daily with a calibrated current source. The
integrator is set to automatically shut off the electron beam when the desired
fluence level is received by the Faraday cup.
B. COBALT-60 SOURCES
The Cobalt-60 gamma ray sources at JPL and BREL were both used. The
gamma rays consisted primarily of 1.17 and 1.33 MeV photons with a consistent
spectrum of lower-energy photons and secondary electrons arising from scatter-
ing and absorption. The gamma field was uniform within +10 percent in the
area where parts were exposed, which was verified by thermoluminescent dosime-
try (TLD), consisting of lithium fluoride/Teflon microrods. The main source
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calibration was performed with Landsverk ion chambers of +2 percent accuracy,
traceable to the National Bureau of Standards, and monthly dose rate computa-
tions were performed to account for the Cobalt-60 decay. Exposure times with
the Cobalt-60 sources were typically 5 to 20 minutes for each radiation level,
but longer times (up to 4 hours) were required for high-dose applications
because the maximum uniform dose rate available was 50 rads/second.
SECTION V
TEST SETUP AND PROCEDURES
A. GENERAL REMARKS
The test setup and procedures used to gather these data were developed in
accordance with MIL-STD-883 specifications. All tests were done at 25°C +
3 C, using low noise power sources and instrumentation subject to periodic
calibration. Some tests were performed in situ (without removing the test
devices from the radiation area), whereas others required remote testing. In
the latter event, a mobile bias fixture was used to maintain bias, except
during the brief measurement period.
A detailed test plan was written for each test. This plan included
device description, irradiation bias conditions, radiation levels, electrical
parameters to be measured, and measurement conditions. The data were
processed by both hand and computer, and the calculation of normal standard
deviations was made after deletion of clearly erroneous data. Each graph has
a log number and can be retrieved if required by specifying the log number to
the Radiation Effects Group (Section 514) at JPL.
B. TESTING WITH A MATRIX BOARD
A matrix board switching system was built to be used as a master control
panel and was set up outside the irradiation area. The matrix board inter-
faces the devices under test (DUT) to the power supplies and measurement
equipment via a special 15-meter (50-foot), double-shielded cable (see
Figure 1). A built-in potentiometer for each DUT can be used to control bias
voltages and currents. The matrix board was designed with very high insulation
resistance so that very low current measurements (10-50 pA) can be made. When
not being tested in situ, devices are removed from the radiation area for
measurements.
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Figure 1. Diagram of the Test Setup for Dynamitron Testing
C. TESTING WITHOUT A MATRIX BOARD
For tests that are not in situ, the DUTs are removed from the site for
approximately 20 minutes between each radiation level. A mobile bias
(battery) is applied to the devices at all times except during parameter
measurements. Remote measurements include tests at a Lorlin Impact 100 pulsed
tester for some of the transistors, and readings from a Tektronix 178/577
curve tracer for testing some operational amplifiers. Occasionally, custom
test circuits are used in the test to simulate the device application.
D. TESTING AT BREL
A number of ICs were tested for JPL by BREL personnel. Most of these
tests were not in situ. Complex LSI devices such as A/D converters, memories,
and microprocessors were irradiated with the BREL Dynamitron or Cobalt-60
sources and tested on a Tektronix 3260 computerized 1C tester by test programs
written by BREL to JPL's specifications.
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SECTION VI
DATA PRESENTATION
A. GRAPH NOMENCLATURE
The data are presented in this section, and a sample graph, explaining
the nomenclature, is shown in Figure 2. Each of the electrical parameter data
plots is represented by a single line per graph except for bipolar transistor
data, which use multiple lines to represent different collector currents. A
table at the bottom of each graph lists the test conditions when applicable,
and the normal standard deviations of each data point at each dose level.*
Date codes usually indicate when the device was packaged. For example,
8420 indicates the device was packaged in the twentieth week of 1984. If no
date code is available, the space may be used for other identifying numbers
such as wafer number or lot number.
* The log-normal distribution actually provides a better fit to most radiation
data than the normal distribution. Hence, caution should be exercised in
estimating worst-case conditions based on the limited statistical data
presented herein.
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MANUFACTURER'S
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(SEE APPENDIX A)
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Figure 2. Graph Format Description
B. DIODES
Diode radiation tests have been very limited for space programs because
of the inherent radiation hardness at the total worst-case dose levels [300
krad(Si)]. Testing may be required for special high-precision applications or
for higher total-dose environments where large (orders of magnitude) increases
in the leakage current can be expected.
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C. BIPOLAR TRANSISTORS
Transistor gain (h ) degradation is plotted as A(l/h _) =
rti FE
1/hpg, - l/hpE , where hpg, is the value at the specified radiation
level, and h™ is .the initial value. This subject was discussed in Section
III, paragraph B.
A method of determining the final h , when the initial hfE and post-
irradiation A(l/hpF) are known, is shown in the following example for a
2N2222 device type at VCE of 20 V at 300 krad(Si).
1. Scale the value of A(l/h ) from the applicable graph for a
r &
2N2222 transistor at the stated conditions. In this example,
A(l/hF£) is determined to be 0.008.
2. Determine the minimum specified pre-irradiation hpE for this
device type. In this example, the initial specified minimum h
is 100. Then proceed as follows:
h(final) =FEV— "' . , 1
(initial)
hFE(final) = = 55.6
0.008
Table 6-1 may also be used to determine the final hpE- Locate the
post-irradiation A(l/hjrF) value in the left-hand column, and the initial
h,, on the top row. The column and row intersection is the final h^ ,,.r EI r c
The data on leakage and saturation currents are plotted directly as a
function of dose.
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D. FIELD EFFECT TRANSISTORS (FETs)
Junction-gate field effect transistors (JFETs) have a considerably higher
tolerance to radiation-induced bulk damage than bipolar transistors since they
are majority-carrier devices. Therefore, most tests were conducted using
electron irradiation. Key parameters plotted as a function of dose include
lr-cc> lr,cc> vrc> transconductance, noise voltage, and I (off).
(jbb 1J&O Lib U
(See Appendix B.)
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E. OPTICAL DEVICES
Each optical device uses a Gallium Arsenide (GaAs) infrared-emitting
diode (IR-LED). The emission efficiency of GaAs LEDs is greatly reduced by
irradiation due to bulk damage.
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APPENDIX A
VENDOR CODE IDENTIFICATION LIST
A-l
VENDOR CODE IDENTIFICATION LIST
INK International Rectifier Semiconductor, Inc.
MOT Motorola, Inc., Semiconductor Products Division
NSC National Semiconductor Corp.
RAY Raytheon Company
SCN Semicon, Inc.
SIL Siliconix Devices, Inc.
SOD Solitron Devices, Inc.
TIX Texas Instruments, Inc.
UTR Unitrode Corporation
A-2
APPENDIX B
SEMICONDUCTOR DEVICE ELECTRICAL PARAMETER
SYMBOLS AND ABBREVIATIONS
B-l
SEMICONDUCTOR DEVICE ELECTRICAL PARAMETER
SYMBOLS AND ABBREVIATIONS
VG Gate voltage
gra Transconductance (FET)
gm../gm_ Transconductance ratio (FET)
h Common-emitter static forward current transfer ratio (gain)
FE
I Collector cutoff current open emitter
LEO
I Collector cutoff current (dc) base open
CEO
I Collector cutoff current (dc)
LEK
I (off) Drain cutoff current (FET)
I Zero-gate-voltage drain current (FET)
l/OO
Zero-gate-voltage drain current ratio (FET)
~
I__0 Reverse gate current (FET)Gob
I /1^ ,00 Reverse gate current ratio (FET)GoS. Gbb_
I Reverse leakage current, diode
R
NOISE Noise voltage at specified frequency (Hz)
R (on) Drain-source on-state resistance (FET)
R,,n(on) Emitter-collector (on) resistanceEC
V Drain-source voltage (FET)
Db
VI?ri(off) Emitter-collector (offset) voltageEC
V
 0 Gate-source voltage (FET)GS
AV Radiation-induced change in gate-source voltage (FET)
GS
V., torward voltage, IR-LED
F
VD Reverse voltage, diodeR
V7 Reference voltage, diode
NASA—JPL—Coml LA.Calrf B—2
